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Chloride cells and osmoregulation. The chloride cells of the gill
secretoly epithelium of fish that make the transition from fresh water to
sea water adapt to the increased salinity by responding to a rapid signal
that stimulates chloride secretion. In this paper, data are presented
supporting the view that the transient increase in plasma osmolarity that
can be measured during the transition is responsible for the stimulation of
chloride secretion. A maximal increase of 65 mOsm in the plasma of
Fundulus heteroclitus (the killifish) was found during acclimation to sea
water. Similar or greater increases of osmolarity induced by mannitol on
the basolateral side of isolated opercular epithelial membranes of the
same species of fish containing great numbers of chloride cells produced
stimulation of chloride secretion detected as the short circuit current. The
shrinkage of the chloride cell activates the Na-K-2C1 cotransporter, and
the Na/fl exchanger and requires the integrity of apical chloride channels
and normal levels of Ca. A Cl/HCO3 exchanger did not participate in this
Osmotic response to higher salinity. Chloride cell volume responses to
osmolarity were studied with imagine and quantitative optics.
Homer Smith in 1930 [1] described the absorption and secre-
tion of water and salt by marine teleosts, concluding that in sea
water fish utilize the gills to secrete salts and not the kidneys. In
fresh water adapted fish the kidney produces a dilute urine that
permits their acclimation. Fish that can make the transition from
fresh to sea water and vice versa, such as salmons, trouts and eels,
possess mechanisms of adaptation in their gills that allow them to
secrete salts in sea water, and to rapidly stop this secretion and
adapt to fresh water during their trip to the brooks where they
reproduce and die. Other euiyhaline fish, such as the killifish, live
in the brackish waters of estuaries and make the transition from
low to high salinity and back, daily. The salt secretion in the gills
is accomplished by the chloride cells, which were also called
mitochondria rich cells for a long time when their exact secretory
nature was not completely known. Keys, in Krogh's laboratory
first [2] and then with Willmer [3], described the secretion of salts
and the presence of these secretory cells in the base of the gill
filaments. In Figure 1 the reconstruction from electron micro-
graphs of a chloride cell is shown. These cells have characteristics
of the distal tubular cells of the kidney and are similar in general
to the salt secreting cells of the salt gland of birds and the rectal
gland of sharks. Their cytoplasm contains numerous mitochon-
dna, they have an extremely well-developed endoplasmic canalic-
ular system and are typical because of their crypt on the apical
membrane. The sodium pump is located basolaterally, as shown
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by ouabain binding autoradiography [4]. Starting in the mid
seventies, in a series of papers from this laboratory both at Mount
Desert Island and at NYU in New York City [5—151, it was shown
that the epithelium lining the inside of the operculum of the
killifish (Fundulus heteroclitus), and containing numerous chloride
cells could be mounted in Ussing chambers. The short circuit
current was carried only by chloride ions in operculi of sea water
adapted fish. We could mount the tiny membranes because of our
previous development of miniature chambers for the study of the
retinal pigment epithelium of bullfrogs [16]. The mitochondria
rich cells can transport chloride indeed, at very high rates [5—7],
while sodium moves passively [8]. The secretion is regulated
through catecholamine and cholinergic receptors [6]. The cells
have the machinery involving the Na-K-2Cl cotransporter, with
chloride channels in the apical membrane [8] and the Na/H and
Cl/HCO3 exchangers for chloride secretion and intracellular pH
regulation [15]. In Figure 2 a model showing the known secretory
functions of the chloride cell can be observed.
The acclimation of euryhaline fish occurs in two distinct phases.
(A) From fresh water to sea water, there is first a rapid
reduction in gill permeability and the start of chloride secretion
[17]. This adaptation must respond to a rapid signal that makes
the chloride secretory epithelium pump salt from the blood to the
outside medium. From fresh water to sea water a reverse mech-
anism based on a similar rapid signal or the lack thereoff must be
present.(B) After days or weeks of the transition from fresh to sea
water, a second adaptation takes place consisting of an increase in
the number and size of the chloride cells in the gills as well as an
increase in Na,K-ATPase in the chloride cells [41. This process of
cell proliferation and increased enzyme in the cell membrane is
controlled by cortisol [18]. In the adaptation in the reverse
direction, from sea water to fresh water, the chloride cell number
is clearly reduced, or those cells completely disappear in some
species [3, 18]. The process is clearly influenced by prolactine [18].
In this paper the nature of the rapid signal for adaptation to
high and low salinity of the euryhaline fish F. heteroclitus is
discussed. From the data it can be concluded that the rapid signal
for activation or deactivation of chloride secretion is the transient
increase or decrease of plasma osmolarity that occurs during
acclimation.
Methods
F. heteroclitus specimens were trapped in estuaries of rivers in
Mount Desert Island, Maine during the months of June, July
and August. The fish were acclimated to circulating sea water in
glass tanks and fed twice daily. Adaptation to fresh water was
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Fig. 1. Drawing of the chloride cell and
opercular epithelium based on multiple electron
micrographs. Reprinted with permission from
the Joumal of Physiology [6].
mounted on a plastic chip with an aperture of 0.07 cm2. The chip
is mounted in an Ussing chamber and the membrane potential,
short circuit current and resistance are measured as describedNa Ouabain
[151. For quantitative microscopy and cell volume measurements
Furosemide a special chip with the opercular membrane in it was sealed in an
ci- ad hoc perfusion chamber and placed in the optical axis of anH Amiloride inverted microscope fitted with interference optics. Optical sec-
tions were performed and the volume of chloride cells computed
- by planimetry. Changes of 20% of the basal tonicity of the
HCO3 SITS medium of 300 mOsm were accomplished by addition of 60 mOsm
D DS of mannitol. Chemicals and drugs were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). More details on the methods
used are found in references [6, 15].
performed in three stages of several days each, lowering the total
salinity gradually. Plasma was obtained from centrifuged, hepa-
rinized blood samples obtained by producing a clean razor blade
cut at the fish tail. Plasma from seven fish was pooled to use for
osmolarity measurements by the lowering of the freezing point
method.
The opercular epithelium was dissected out as described in
detail [6, 15]. Essentially the epithelium is teased out and
Changes in plasma osmolarily during the transition from fresh to
sea water
Figure 3 shows a maximal increase of 65 mOsm in the plasma
osmolarity after exposure to sea water of fully adapted fresh water
specimens of F. heteroclitus. The transient increase declines in 18
hours and is gone after 80 to 90 hours. The osmolarity increase of
the plasma is due to the fact that the fish swallows sea water,
absorbs the salts though the intestinal tract and then secretes
rn
Fig. 2. Diagram of the chloride cell showing the membrane transport
elements found so far. Reproduced with permission from the Journal of
Membrane Biology [15].
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sodium chloride through the gills. The presence of this transient
increase in plasma osmolarity suggested testing the effect of
hypertonicity on the chloride secretion of isolated operculi
mounted in a chamber while measuring the chloride secretion.
Increased C1 secretion due to high osmolarily on the basolateral
side of isolated opercular membranes
The effect of higher osmolarity on chloride secretion, measured
as the short circuit current of opercular epithelia was tested by the
addition of 50 mOsm of mannitol to the solution bathing the
outside and then the inside or basolateral side of the preparation.
In Figure 4 it is observed that 50 mOsm of the non-permeable
sugar mannitol on the basolateral side produces an increase of
aproximately 100% in the secretion of chloride. No effect was
found when added to the apical side of the preparations. Figure 5
shows a dose response curve for the % increase in short circuit
current versus increases in osmolarity for six experiments. It is
apparent that the hypertonicity on the basolateral side induces a
cellular effect, most probably shrinkage of the chloride cells with
subsequent activation of chloride transport. Two other curves
presented in Figure 5 are for tissues treated the same way as the
controls, but bathed with media either low or "free" with respect
to Ca concentration. It is clear that the response is Ca dependent.
Activation of channels, cotransporters and exchangers during the
increase in basolateral osmolarily
Osmotic effects on cells and their responses fall in the category
of cell volume regulation [20J. The presence and activation of
membrane proteins involved in the cell volume regulatory process
was tested. The Na-K-2C1 cotransporter, the Na/H exchanger, the
Cl/HCO3 exchanger and chloride channels were examined. Spe-
cific inhibitors were used before testing the effect on the chloride
current produced by 50 mOsm of mannitol, added to the basolat-
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Fig. 5. Dose-response curves of chloride current versus increased osmolarily
on the basolateral side. Symbols are: () control; (0)100 jrri Ca; (A)
"0" Ca'. Each point is the mean of 6 experiments. The system is
extremely sensitive to hypertonicity; 12.5 mOsm induced more than 20%
increase in current output. Maximal increases in chloride secretion arc
observed above 200 mOsm on the hasolateral side. Reduction in Ca2
concentration in solutions bathing both sides of the operculi produces
drastic reduction on the hypertonic response. Data are reprinted with
permission from the Journal of Membrane Biology [15].
eral side of the opercular preparations. Table I presents a
summary of the data obtained [15]. The overall conclusions that
can be arrived at reading Table I are the following:
(a) The addition of 50 mOsm mannitol produces an increase of
100% of the chloride current (from above).
(b) This activation is blocked by furosemide, the loop diuretic
inhibitor of the Na-K-2C1 cotransporter.
(c) There is a Na/H exchanger, previously explored by use of
NH4C1 [151 that can be inhibited by amiloride and its analogs and
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Fig. 3. Plasma osmolarity of F. heteroclitus transferred at 0 time from fresh
Water to sea water. Each point corresponds to the osmolarity of a plasma
sample pooled from blood of 7 fish. Note the increase of 65 mOsm at the
peak and the gradual return to normal plasma values. Data reprinted with
permission from the Journal of Membrane Biology [15].
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Fig. 4. Increase of chloride secretion produced by 50 mOsm of mannitol in
an isolated operculum of F. heteroclitus. No effect is found on the apical
side, but shrinkage of the chloride cells induced on the basolateral side
produce rapid current stimulation. Data reprinted with permisision from
the Journal of Membrane Biology [15].
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Table 1. Action of specific inhibitors on the response to increased
osmolarity of isolated opercular membranes of F. heteroclitus
Function explored
Drug
used
Basal
current
After
mannitol % Active
Control none 1.0 2.0 100 —
Na-K-2C1 cotransporter furosemide 1.0 LO 0 yes
Na/H exchanger amiloride 1.0 1.0 0 yes
C1/CHO1 exchanger
& analogs
DIDS 1.0 2.0 100 no
Chloride channels DPC 1.0 1.0 0 yes
Data modified from Figures 2—7 of reference [151 with permission. The
Table shows that the increase in chloride secretion due to addition of 50
mOsm of mannitol to the basolateral side of the opercular epithelia is
inhibited by blockers of the Na-K-2C1 cotransporter, the Na/H exchanger
and the chloride channels. This indicates that the shrinkage of the chloride
cells activates these mechanisms. The Cl/HCO3 exchanger is not activated
by the increased osmolarity. All inhibitors were used at iO M concen-
tration.
that is activated by the shrinkage of the chloride cell when
exposed to 50 mOsm mannitol.
(d) Blocking the apical chloride channels with DPC blocks the
increase in current produced by the basolateral hypertonicity
elicited by 50 mOsm mannitol.
(e) Finally, there is a Cl/HCO3 exchanger previously explored
by changing the total HCO3 and CO2 concentrations, as well as by
inhibition with DIDS [15j that does not participate in this osmotic
response. The lack of participation of the Cl/HCO3 exchanger was
obvious because maximal inhibition with DIDS of the basal
current did not block the activation produced by 50 mOsm of
mannitol on the basolateral side of the chloride cells.
Chloride cell volume response to changes in tonicily
Cell volumes and the responses to tonicity changes were
measured in operculi obtained from sea water adapted fish as well
as from fresh water adapted fish. The results can be observed in
Table 2. An increase in tonicity of 20% over the control level (60
mOsm of mannitol added to the medium containing originally 300
mOsm) was applied to the apical or the basolateral side of the
preparations.
In the case of the chloride cells of sea water adapted fish, there
was no volume change when the hypertonicity was applied to the
apical side. On the basolateral side, 20% increase in osmolarity
produced approximately a 20% reduction in cell volume.
In operculi from fresh water adapted fish, application of
mannitol to the apical side, enough to increase the overall tonicity
of the medium in 20%, produced a decrease in chloride cell
volume of approximately 20%. Therefore the apical membrane of
the chloride cells of fresh water adapted fish has a greater
permeability to water than the one of salt water adapted ones.
Hypertonicity of the same magnitude applied to the basolateral
side of the fresh water adapted F. heteroclitus produced a reduc-
tion in cell volume of 18%. The overall response to the basolateral
tonicity confirms that chloride cell shrinkage must be linked to the
activation of chloride secretion.
Involvement of calcium in the response to hypertonicity
As shown in Figure 3 the reduction of calcium in the medium,
or its complete elimination from the solution utilized produces a
drastic reduction in the magnitude of the response of the chloride
Table 2. Effects of 60 mOsm of mannitol (20% increase in medium
tonicity) on the cell volume of chloride cells
Adaptation Side
Cell Minimal
volume volume
%
.
Shrinkage
% of
controlpin3
Fresh water ApicalN= 6
1625 189 1299 118 81.4 3.8a 19.9 5.1
Basol.
N= 5
1750 208 1414 165 80.8 4.Oa 17.8 4.9
Sea water ApicalN = 10
1537 222 1570 248 103 6.0 1.2 3.0
Basol.
N=5
1660 191 1328 131 80.0 3.6 21.0 6.1
Mannitol was added to the apical or the basolateral side perfusion of sea
water or fresh water adapted operculi of F. heteroclitus. Mean cell volumes
are followed by SE. N indicates number of cells in which the volume was
measured by planimetric methods on a minimum of 6 and maximum of 9
optical sections obtained at intervals of 2.5 jim. Indicates statistically
significant differences. The exposure of the apical membrane of sea water
adapted cells did not produce significant cell volume change indicating low
water permeability. Apical membranes of fresh water and basolateral of
both sea water and fresh water adapted produced expected volume
shrinkages of approximately 20%. Data available for the return from
hypertonic to isotonic solutions produced results that permit a similar
interpretation. Data reproduced with permission from [151.
current to hypertonicity in the basolateral side. Calcium is in-
volved in a great number of intracellular processes including cell
volume regulation [20].
Discussion
The osmoregulation of euryhaline fish is one of the most
interesting phenomena in the area of comparative kidney and
electrolyte metabolism. A specimen of F. heteroclitus can be
transferred from fresh water into a beaker containing sea water
and it survives and adapts to the situation. A goldfish (Carassius
aureatus) subjected to the same experience shows tremendous
changes in blood chemistiy and dies as a consequence of the
experiment.
The rapid signal received by the cells in the gills that secrete
salt, according to the experiment presented here, is the sudden
increase in plasma osmolarity produced by the transition from
fresh water to sea water. The killifish (F. heteroclitus), a euryhaline
fish can make the transition. The goldfish, a conformist, is not
biologically preparared and does not survive.
The signal, plasma hypertonicity, is not required to be too big.
A few mOsm, as in our experiments, produce significant changes
in chloride secretion. An increase of only 12.5 mOsm over the
normal plasma osmolarity produces 25% increase in chloride
secretion in isolated preparations. This is perhaps why F. hetero-
clitus and other euryhaline fish can move back and forth from
brackish water to full sea water and regulate very precisely the
character of their internal millieu.
At the cellular level, the hypertonicity induces shrinkage of
chloride cells, as we measured directly in the quantitative micros-
copy experiments. The shrinkage activates membrane cotrans-
porters and exchangers as much as can be expected from basic
knowledge of cell volume regulation. These events must induce
aperture of chloride channels in the apical membrane, and
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possibly activation of a K channel in the basolateral one, with the
result of greater NaCl secretion due to the passive nature of
sodium movements in these preparation. This model is probably
not too far off from the actual events. A change in intracellular pH
can activate a number of intracellular functions including open-
ings of chloride channels.
In preliminary research (unpublished observations) we have
found that hypotonicity of the basolateral side solution induces
reduction in the chloride secretion. The phenomenon is extremely
rapid, a few mOsm produce significant reduction in chloride
Secretion and the Cl/HCO3 exchanger is involved because in this
case, and contrary to the case of hypertonicity, DIDS blocks the
response to hypotonicity of the basolateral side.
If intracellular Ca is part of the signal, we can only state at this
point that lowering Ca concentration in the outside medium
reduces the response to hypertonicity. Further understanding of
the changes in intracellular Ca in hypo- and hypertonic solutions
should be extremely useful to understand how this signal based on
a change in tonicity elicits unidirectional increases in chloride flux.
Returning to the situation in the fish, the increased permeabil-
ity of the apical membrane of chloride cells from fish adapted to
fresh water is of interest in itself. First, it is probable that in full
fresh water acclimation the osmolarity of the external solution
could also be part of the signal. However, isolated opercular
membranes from fresh water adapted fish show no electrical
activity and no changes when the tonicity of the apical, as well as
the basolateral solutions, is increased or decreased (unpublished
observations).
The second phase of the adaptation, the proliferation of
chloride cells in seawater or their demise in fresh water present an
interesting challenge. As much as in other areas of cell, organ and
system osmoregulation, other methods of cell biology and molec-
ular biology should give the necessary answers. Perhaps on the
occasion of further recognition of the talent and influence of
Homer W. Smith in the future, this answer will be presented.
Acknowledgments
This work supported by NIH grant EY 1340 to J.A.Z., and grants of the
NSF to the Mount Desert Island Bioliogical Laboratory. The technical
assistance of Lisa Au, David Croft and Michael Bala at diverse times is
greatfully acknowledged. Fruitful discussion with Dr. Kenneth R. Spring
of the Laboratory of Kidney and Electrolyte Metabolism of NIH is also
acknowledged.
Reprint requests to José A. Zadunaisky, M.D., Division of Marine Biology,
University of Miami RSMAS, 4600 RIckenbacker Causeway, Miam4 Florida,
33149, USA.
References
1. SMITH HW: The absorption and excretion of water and salts by marine
teleost. Am J Physiol 93:485—505, 1930
2. KEYs AB: The heart-gill preparation of the eel and its perfusion for
the study of a natural membrane in situ. Z Vergi Physiol 15:352—363,
1931
3. KEYS AB, WILLMER EN: "Chloride-secreting cells" in the gills of
fishes with special reference to the common eel. J Physiol (London)
76:368—378, 1932
4. KARNAKY KJ JR, KINTER LB, KINTER WB, STIRLING CE: Teleost
chloride cell. II. Autoradiographic localization of gill Na,K-ATPase in
killifish Fundulus heteroclitus adapted to low and high salinity envi-
ronments. J Cell Biol 70:157—177, 1976
5. KARNAKY KJ JR, DEGNAN KJ, ZADUNAISKY JA: Chloride transport
across isolated opercular epithelium of killifish: A membrane rich in
chloride cells. Science 195:203—205, 1977
6. DEGNAN U, KARNAKY KJ JR, ZADUNAISKY JA: Active chloride
transport in the in vitro opercular skin of a teleost (Fundulus
heteroclitus), a gill-like epithelium rich in chloride cells. J Physiol
271:155—191, 1977
7. DEGNAN U, ZADUNAISKY JA: Open-circuit sodium and chloride
fluxes across isolated opercular epithelia from the teleost Fundulus
heteroclitus. J Physiol 294:483—495, 1979
8. DEGNAN K!, ZADUNAISKY JA: Ionic contributions to the potential and
current across the opercular epithelium.AmJPhysiol238:R231—R239,
1980
9. DEGNAN U, ZADUNAISKY JA: Passive sodium movements across the
opercular epithelium: The paracellular shunt pathway and ionic
conductance. J Membr Biol 55:175—185, 1980
10. DEGNAN U, ZADUNAISKY JA: The opercular epithelium: An experi-
mental model for telcost gill osmoregulation and Cl secretion, in
Symposium on Chloride Transport in Biological Membranes, edited by
ZADUNAtSKY JA, New York, Academic Press, 1982
11. KARNAKY U JR, DEGNAN KS, GARRETSON LT, ZADUNAISKY JA:
Identification and quantification of mitochondria-rich cells in trans-
porting epithelia. Am J Physiol 246:R770—R775, 1984
12. ZADUNAISKY JA: The chloride cell: The active transport of chloride
and the paracellular pathways, in Fish Physiology (vol. XB), edited by
HOAR WS, RANDALL DJ, New York, Academic Press, 1984, pp
129 —176
13. SCHEIDE JI, ZADUNAISKY JA: Effect of atriopeptin II on isolated
opercular epithelium of Fundulus heteroclitus. Am J Physiol 254:R27—
R32, 1988
14. ZADUNAISKY JA, CuRd S, SCHETTINO T, SCHEIDE JI: Intracellular
voltage recordings in the opercular epithelium of Fundus heteroclitus.
J Exp Zool 247:126—130, 1988
15. ZADUNAISKY JA, CARDONA 5, Au L, ROBERTS DM, FISHER E,
LOWENSTEIN B, CRAGOE EJ JR, SPRING KR: Chloride transport
activation by plasma osmolarity during rapid adaptation to high
salinity of Fundulus heteroclitus. J Membr Biol 143:207—217, 1995
16. ZADUNAISKY JA, DEGNAN U: Passage of sugars and urea across the
isolated retina pigment epithelium of the frog. Exp Eye Res 23:191—
196, 1976
17. MAETZ J, BORNACIN M: Biochemical and biophysical aspects of salt
excretion by chloride cells in teleosts. Fortschr Zool 23:322—362, 1975
18. FOSKEIT JK, BERN I-IA, MACI-lEN TE, CONNER M: Chloride cells and
the hormonal control of teleost osmoregulation. J Exp Biol 106:255—
281, 1983
19. HOFFMANN EK, SIMONSEN LO: Membrane mechanisms in volume and
pH regulation in vertebrate cells. Physiol Rev 69:315—382, 1989
